Graphene nanopores are receiving great attention due to their atomically thin membranes and intrinsic electrical properties that appear greatly beneficial for biosensing and DNA sequencing. Here, we present an extensive study of the low-frequency 1/f noise in the ionic current through graphene nanopores and compare it to noise levels in silicon nitride pore currents. We find that the 1/f noise magnitude is very high for graphene nanopores: typically two orders of magnitude higher than for silicon nitride pores. This is a drawback as it significantly lowers the signal-tonoise ratio in DNA translocation experiments. We evaluate possible explanations for these exceptionally high noise levels in graphene pores. From examining the noise for pores of different diameters and at various salt concentrations, we find that in contrast to silicon nitride pores, the 1/f noise in graphene pores does not follow Hooge's relation. In addition, from studying the dependence on the buffer pH, we show that the increased noise cannot be explained by charge fluctuations of chemical groups on the pore rim. Finally, we compare single and bilayer graphene to few-layer and multi-layer graphene and boron nitride (h-BN), and we find that the noise reduces with layer thickness for both materials, which suggests that mechanical fluctuations may be the underlying cause of the high 1/f noise levels in monolayer graphene nanopore devices.
Introduction
The nanopore field is mainly driven by the demand for a single-molecule DNA sequencing technique that reads DNA bases in a label-free, fast and accurate fashion. Although promising proof-of-principle results have been published using biological pores, such as MspA [1] , solid-state nanopores provide some important advantages over biological pores such as stability, adjustable geometry and the ability to integrate into devices [2, 3] . Graphene is a special, advantageous type of solid-state nanopore as it is electrically conducting and atomically thin and therefore potentially provides the capability to reach single-nucleotide resolution in detection. Indeed, various theoretical proposals indicate that its intrinsic electrical properties can be exploited to distinguish different DNA bases [4] [5] [6] [7] [8] [9] [10] [11] [12] .
In nanopore experiments, charged biomolecules (such as DNA) in an ionic solution are driven through a nanometersized hole by an applied transmembrane voltage. The applied bias voltage induces an ion current that prevails due to reversible electrochemical reactions at the electrodes on either side of the membrane. During translocation, the molecule partially blocks the pore, resulting in a temporal change in the ion current, representing the signal. To maximize the signalto-noise ratio in translocation experiments, any baseline current fluctuations should be minimized; in order to do so, the origin of these fluctuations should be understood. For these reasons, current noise in biological pores, as well as in solidstate nanopores, has been extensively studied [13] [14] [15] [16] [17] [18] [19] . Noise studies in graphene nanopores, however, have so far been rare [20] .
In order to evaluate the current fluctuations in pore currents, one calculates the current power spectral density S I , which represents the current power distribution over frequency. Generally, the noise spectrum in nanopore systems is divided into a low-frequency regime (f < ∼1 kHz) and a highfrequency regime (f > ∼1 kHz), whereas the high-frequency noise power is dominated by the membrane capacitance [21] ; the low-frequency noise in solid-state nanopores, as well as in biological nanopores, is characterized by a 1/f dependence [13, 15, 22] .
Such low-frequency 1/f noise is a ubiquitous phenomenon, characterised by an inverse dependence of current spectral density on frequency
, where f is the frequency and γ ≈ 1 [23] . Because of its prominent occurrence in most electronic systems (and its implications for their performance), 1/f noise has been profoundly studied over the last few decades. Despite all of these studies, the origin of 1/f noise is still under debate. It is generally accepted that there is not a single physical mechanism that generates this type of noise [24] . Models propose that 1/f noise is related to fluctuations in the number of charge carriers (N), in the mobilities of charge carriers (μ) or in both [25] .
Larger currents lead to larger current fluctuations and therefore to higher noise. To obtain a measure for the noise magnitude that can compare the noise levels for various bias conditions, one divides the current power spectral density S I by the squared current amplitude
where C LF represents the low-frequency noise amplitude. A very commonly used relation in 1/f studies is Hooge's empirical relation = α C LF N H , which inversely relates the relative noise magnitude C LF to the relevant number of charge carriers N via Hooge's parameter α H [26] . This model has been shown to provide a fair description of the noise in many different electronic circuits as well as for ionic current systems [27] . Importantly, the relation was also shown to provide a good description for the 1/f noise in silicon nitride nanopores [15] . Here, we discuss the low-frequency noise in graphene nanopores and compare it to noise in silicon nitride pores. We did an extensive study in which we analysed 45 graphene pores, 24 silicon nitride pores and 7 boron nitride pores. We show that the 1/f noise for graphene nanopores is on average two orders of magnitude higher than for silicon nitride pores. We discuss possible explanations for this high 1/f noise in graphene pores. In order to do so, we assess whether Hooge' relation holds by examining the noise properties at various pore sizes and salt concentrations. Additionally, we probe for charged edge interactions by varying the buffer pH. Finally, we discuss the effect of graphene-layer thickness and compare it to that of another layered material: boron nitride.
Results and discussion
Graphene nanopores were fabricated by high-temperature TEM drilling; see Methods. Figure 1 (A) provides two typical ionic current traces for a monolayer graphene pore (R = 12.2 MΩ, d = 10 nm) and a silicon nitride pore (R = 7.8 MΩ, d = 20 nm). Both traces are recorded at 100 mV bias voltage and processed in exactly the same way (low-pass filtered with an 8-pole Bessel filter at 10 kHz and smoothed by calculation of the moving average of four data points in logarithmic space). It is very clear that the graphene pore current exhibits pronounced noise in the ionic current. Figure 1 (B) shows the corresponding noise spectra, where the current power spectral densities S I are plotted against frequency in logarithmic space. The noise spectrum of the graphene pore is found to be dominated by a 1/f dependence, extending up to the filter frequency of 10 kHz. Note that, by contrast, the 1/f regime for the silicon nitride pore halts at about 400 Hz, where thermal noise becomes dominant. For reference, we also show the background noise of the amplifier that is recorded at 0 mV. The noise in the graphene pore current is observed to be more than two orders of magnitude higher than that for the silicon nitride current. 
represents the dimensionless low-frequency noise coefficient C LF , which is the magnitude of the pore-specific low-frequency 1/f noise. With the noise characterization method in place, we can now compare the low-frequency 1/f noise magnitude C LF for a variety of pores and measurement conditions. We compared 45 mono-and bilayer graphene pores to 24 silicon nitride pores. All current traces are recorded at 100 mV at 1 M KCl salt concentration and 10 mM Tris-HCl at pH 8. nitride samples is larger, which likely is due to a larger variance in pore shape associated with the three-dimensional geometry of the pore. What explains this significant difference in 1/f noise amplitudes between graphene and silicon nitride nanopores? Conductance fluctuations are most likely caused inside or near the pore as this dominates the circuit's resistance. The geometries of the two different types of pores are sketched in figure 2 (B). For silicon nitride pores the resistance can be approximated by
, where σ represents the bulk conductivity, L is the pore length and d is the pore diameter [28] . The first term represents the pore channel resistance that relates to both the pore length and diameter. The second term denotes the total access resistance that accounts for the convergence of field lines by the pore for both membrane sides [29] . In graphene pores, the resistance is completely dominated by the access resistance σ = and a term that represents the volumes adjacent to the pore mouths. For each side, this can be regarded to roughly resemble a hemisphere with a size that is set by the pore diameter, located at the centre of the pore mouth. Hence, we consider the effective volume of silicon nitride pores to be determined by
. For graphene pores the pore length approximates zero, and we thus regard the relevant volume to simply scale as V d . 3 We investigated the dependence of the 1/f noise on pore geometry for graphene pores. . Another approach to investigate whether the noise amplitude scales inversely with the number of charge carriers in the pore volume is to vary the density of charge carriers by changing the salt level of the buffer. A recent report indeed suggested such a dependence for graphene nanopores [20] . We studied the 1/f noise at salt concentrations between 10 mM and 1 M KCl; see figure 4(A). The grey lines represent results from individual pores with different pore diameters ranging between 4 and 20 nm. 1/f noise levels are seen to slightly increase toward lower salt concentrations. The averages of C LF at 10, 100 and 1000 mM salt are shown in red. Experimentally, we find only a weak dependence of the 1/f noise on salt concentration Next, we examine an alternative explanation for the increased noise levels in graphene nanopores and discuss whether it can be explained by charge fluctuations in the pore rim that would induce noise in the ionic current. To address this, we attempted to modify chemical groups at the pore edge that may switch between a charged and neutral form by varying the pH of the buffer. Carboxyl groups, for example, are expected to be formed at the pore rim and may toggle between their protonated and de-protonated state, with a pKa around 5. We hypothesized that these charge fluctuations may cause an increase in low-frequency noise. To test this, we recorded the currents of individual pores at pH values ranging between pH 1 and 10 at 1 M KCl ( figure 4(B) ). As before, the grey lines represent measurements of individual pores, and the red line corresponds to their averages. We find that C LF is unaffected by pH and thus conclude that charge fluctuations due to carboxyl groups at the pore rim do not constitute a dominant source of 1/f noise.
Finally, we studied the noise levels for different membrane thicknesses by comparing the C LF of samples with different layer thicknesses. Several multilayer graphene pores (blue) are compared to the monolayer and bilayer graphene pores (black) in figure 5 . An increased number of graphene layers leads to lower noise levels. We augmented the dataset by the inclusion of boron nitride (h-BN) nanopore data. h-BN is structurally very similar to graphene, with boron and nitride in a honeycomb lattice forming a similar sp2 bonded 2-dimensional lattice. We find that the noise in few-layer h-BN is of the same order of magnitude as for graphene pores. For multilayers the noise again reduces strongly: about 1.5 orders of magnitude in going from a monolayer to 20 layers. Such a dependence suggests that mechanical properties of graphene may underlie the noise characteristics, with thinner, more flexible layers yielding more noise than thicker and stiffer layers.
How should the results for the thickness dependence be interpreted? Few-layered graphene and h-BN, like other twodimensional membranes, are known to be highly flexible [30] . Mechanical resonators of 1-5 micrometer suspended layered materials have been shown to behave in a membrane-like manner for few-layers and in a plate-like manner for multilayers [31] . This is likely relevant to our nanopore devices, which have free-standing graphene covering a circular hole with a 1 μm diameter. Membrane oscillations can possibly induce fluctuations in the ion flux due to the membrane's movement relative to the ions. In that case, thin 'slack' graphene membranes could induce appreciable low-frequency noise, whereas stiff multilayers would exhibit higher frequency oscillations and less low-frequency conductance fluctuations. Molecular dynamics simulations have shown that related to ion bombardment, fluctuations of the graphene membrane may appear close to the pore [32] . Mechanical resonators of layered materials have been shown to have a 1st mode resonance peak in the order of 10 MHz in air [31] . However, such membrane oscillations will be heavily damped due to the water mass that moves along with the membrane. If and in what way such damped oscillations can lead to an increased low-frequency 1/f spectrum remains a subject for We find no correlation between the pore diameter and 1/f noise dependence on pH. In the case of the toggling of the carboxyl (pKa = 5) between its protonated and de-protonated state, one could expect the noise to peak around pH 5, which is not observed. ). The blue dots (diamonds) yield few-layer graphene pores, showing reduced 1/f noise compared to the mean value of the monolayer and bilayer graphene pores. The noise in few-layer h-BN pores (green squares) is of the same order of magnitude as the fewlayer graphene pores. The noise is found to decrease strongly as the layer thickness increases to 20, which is consistent with a C LF ∼ 1/N layer dependence (red line). All of the few-layer and multilayer pores were 10 nm in diameter.
further theoretical studies on the mechanical properties of graphene membranes.
A number of other studies also point in the direction of mechanical fluctuations as the source of the high noise. For example, an experimental study reported that atomic layer deposition (ALD) of several nanometers of titanium oxide reduces the 1/f noise of graphene pores by two orders of magnitude [33] . Similarly, stacked layers of Al 2 O 3 and graphene were shown to exhibit lower noise than pure graphene membranes [34] . The disadvantage of such multilayer or stacked structures is that they elude the single-atom layer thickness, which is one of graphene's greatest advantages to potentially measure at single-nucleotide resolution. In another work, it was apparently possible to reduce the 1/f noise by scaling down the area of suspended graphene to 20 nm in diameter, although this was only shown by comparing two individual current traces; it would again point to underlying mechanical fluctuations of the membrane [35] .
Conclusion
Here, we have shown that the 1/f noise in monolayer and bilayer graphene nanopores is about two orders of magnitude larger (〈 〉 C LF = 6.3 × 10 −6 ) than in silicon nitride pores (〈 〉 C LF = 4.4 × 10 −8 ). In order to explain the high 1/f noise in graphene pores, we studied how it depends on a set of variables. Hooge's model predicts that the 1/f noise is inversely related to the number of charge carriers inside of the pore volume, which was shown to describe the noise in silicon nitride nanopores quite well [15] . Remarkably, we found that the 1/f noise in graphene nanopores does not scale with d −3 or R 3 , as Hooge's model would predict. An additional study, in which we varied the salt concentration of the buffer, revealed only a weak dependence of the noise on the number of charge carriers (∼N −0.27 ), which further disproved Hooge's relation in which a N −1 dependence is expected. Alternatively, we hypothesized that charge fluctuations due to protonation and de-protonation of carboxyl groups at the pore rim could induce noise. In order to test this, we altered the buffer pH between 1 and 10. However, we found that the pH has no influence on the noise level and concluded that pH-dependent charge fluctuations at the pore edge do not form the dominant source of noise. Finally, we have shown that 1/f noise in graphene and in h-BN pore currents significantly decreases with layer thickness (about 1.5 orders of magnitude in going from a monolayer to 20 layers). We propose that bending fluctuations of the highly flexible graphene or the boron nitride membrane may cause the high 1/f noise in the nanopore current.
In conclusion, we have studied the origin of the significant low-frequency 1/f noise in graphene nanopores and suggest that mechanical fluctuations of the graphene membrane may be the underlying cause. Although this needs to be examined in more detail, it provides a guideline to overcome the high 1/f noise in graphene nanopores and increase signalto-ratios in further experimental studies, which may accelerate the progress toward a graphene biosensor or sequencer.
Methods

SiN chip fabrication, graphene transfer and TEM drilling
A 200 nm thick platinum heating coil was deposited on a 200 nm low stress silicon nitride layer (LPCVD) on a silicon substrate. Next, a second silicon nitride layer was deposited on top of the platinum coil. After KOH etching a 600 × 600 micron freestanding SiN membrane was obtained. 1 μm-sized holes were drilled in the silicon nitride membranes with a focussed gallium beam (300 pA) (FEI DualBeam Strata 235).
The monolayer and bilayer graphene flakes were obtained by mechanical exfoliation of natural graphite (NGS Naturgraphit) onto plasma-cleaned (O2, Diener) silicon-silicon oxide wafers (90 nm) (Graphene Supermarket) using adhesive tape (SWT20+, Nitto). An inspection of the monolayer and bilayer graphene was done by optical interference microscopy. The layer thicknesses for few-layered flakes were determined using optical contrast. The multilayer flake thicknesses were determined by AFM measurements. The flakes were transferred onto the micro-fabricated SiN chips according to the wedging transfer technique, described in [36] . The flakes were transferred onto the silicon nitride membranes. The same procedure was followed for boron nitride pore fabrication.
The nanopores were drilled using a FEI Titan 80-300 in STEM mode, operating at an acceleration voltage of 300 kV with a beam diameter of 0.1 nm and a beam current of 0.15 nA. Importantly, the graphene was heated at 600°C in order to prevent carbon contamination on the surface and to maintain the crystalline structure up to the pore edge; in order to do so a 10 mA current was passed through the platinum heating coil [37] . Pore diameters varied between 4 and 30 nm and were measured from the TEM images obtained right after drilling.
The SiN pores were fabricated as described previously [38] .
Current recording
The chips were cleaned with ethanol and subsequently mounted in a polyether ether ketone (PEEK) flowcell separating two aqueous chambers into which Ag/AgCl electrodes were inserted. The buffers contained 1 M KCl solution, 10 mM Tris-HCl, pH 8.1 at room temperature. The buffers for the pH measurements contained 1 M KCl and 55 mM HCl (pH = 1), 0.4 mM NaAc and 4 μM AcAc (pH = 5) and 1.6 mM NaOH (pH = 10) (Sigma-Aldrich). All of the currents were recorded in the absence of DNA in the chambers. Ionic currents were detected using an Axopatch 200B amplifier at a 100 kHz bandwidth and digitized with a DAQ card at 500 kHz. The current traces were filtered using an 8-pole Bessel filter at 10 kHz in Clampfit.
Data analysis
Power spectral densities were calculated by taking the Fourier transform of the autocorrelation function and dividing it by the sampling frequency and the sample length. For normalization, the power spectral densities were divided by the mean current of the corresponding traces. In general, the 1/f noise was fitted from 1-1000 Hz for graphene pores and between 1-200 Hz for silicon nitride pores. For data presentation, the curves were smoothed by calculation of a walking average of 4-40 of the nearest neighbour points. All of the analyses and fitting were done in Matlab.
